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the convex side of the r = 20-foot plate was studied.
No definite parsmeter governing the influence of the
bressure gradient has yet been obtained.

I. INTRODUCTIOX

The California Institute investigation of the effect
of curvature on boundary-layer transition was initiated
in 1937 under a general research orogram sponsored by the
National Advisory Committee for Aeronautics. The purpose
of this general program was to igsolate the factors influ-
encing transition - suchk as cxternal turbulence, pProssure
gradient, and curvature - and to investigate each effect
separately. The GALCIT undertcok %he investigation of the
effect of curvature on the transition of the boundary
layer from the laminar to the turbulent statec.

The genersl nature of the problem requirces the ex-
treme reduction of all other fac‘ors influencing transi-
tion. Hence, the pressure zradient along the boundary
should be as close to zero ag pcesible and the external
turbulence level as low as pocsible. To satisfy the first
condition, the curved surface was chosen as a thin sheet
set into a curved test gsection such that the test sheet
and the wallg of the section forn four concentric cvlinder
surfaces. To reducc the turbulenco level of the free
stream the flow upstream of the test section had to be
carefully controlled. These two conditions detormine 8~
sentially the type of wind-tunnel equlpment used in this
investigation, whiclh is describaad in a later part of this
repecrt. The flat plate at zero pressure gradient is the
limiting case for large radius of curvature, and thrhus
forms the link betwsen this investigation and the rosearch
cn the influence of turdbulence level and laminar boundary-
layer oscilla‘tions on transition carried out on a flat
nlatc at the Mational Bureau of Standards in the course of
the same gencral wrogram of the FACA.

Tho first investigations on the influence of curva-
ture on transition by Milton and Francis Clauser (refer-
ence 1) at GALCIT showed a strong influence of curvature
on the location of the transition point. Convex curva-
ture wvas found to delay transition appreciadbly as compared
with concave curvaturc. These results, however, met with
seme criticism based mainly on the following two points:
In the oxperiments of the Clausers the angle of attack of



the curved sheet was not varied. Hence, the concave side
and the convex side of the sheet, respectively. were tost-
ed under flow conditions not necesssrily ideanlical, since
the stagnation point might have been situstel cun the con=
vex or the concave side, Since Schiller (re¢fearence 2) arnd
Hall and Fislop {(refercence 3) found a sirony snghlo-of-

attack effecsi in Luecir research on flay piauss, Il was
suggested hv Peyiar {1eference 4} that .he cuzrvesure ef=
fect of the lzusers courd have been influenced by the

initial cetting ¢f the plate,

This criticism was aggravated by the fact that in
the investigation of the Clausers, only concave and coaveX
curvature had been investigated, but no measurements of
the transition on a flat plate had been carried out.

The unpublished research condvcted by A. C. Charters,
Jr.,of C.I.T. during 1938-39 was mainly undertaken to check
the validity of this criticism, A detailed discussion of
the main results of investigations by the Clausers and
Charters is given in a later part of this report. The
general result of Charters' investigation was that the angle-
of-attack effect did not account for the results found by
the Clausers. Attempts to close the other gap in the Clausers!?
experiments, namely, the investigation of flat-plate flow
under the same conditions as the flow past the curved sheet,
met with considerable difficulty which forced a postponement
of the further investigation of curvature effect in order
to allow for a separate investigation of flat-plate flow
(reference 5). '

A new attempt to determine the effect of curvature was
started in 1940. The present report presents the results
of this research.

The theoretical aspect of the influence of curvature
on transition is closely interwoven with the theoretical
aspect of the whole transition problem. Transition must
be brought about by some instability of the laminar flow,
Investigations of the stability of laminar flow with re-
spect to small perturbations of various forms have been
carried out by a number of investigators, It appears th-t
there exist two distinctly different types of instability
of laminar motion which may be termed (1) '"dynamic," and
(2) "viscous" instabilitys

(1) We eall -~ mction dynanmically unstadle if, under
neglect of the viscous forces, smnll perturbo-

NOT REPRODUCIBLE



tions of thoe mean velocity profile increasec
with time. To be surc, this includes flows
which can only exist in viscous fluids; as a
natter of fact, in most cascs viscosity is
nsecessary to producc the mean velocity profiles
invelved. Such dynamic instability has beon
found, for examplc, in the case of rrofiles
with infleetien peints (references 6 and 7) and
in certnln problems of curved flow (refcrencos
&2 9, 2and 10). In goneral, if tho viscosity
is taken into account In such cascs the influ-
ence of viscosity narrows the range of Reynolds
number in which instability occurs. In othor
words, the viscosity has the offcct of decrong—
ing the instability of such flows.

(2} Tuere are, however, cases where tho influcnce of
friction on the perturbation is just the op-
poglte. The viscous foreceés herec arc ¢ssential
to tring about an energy tranefer from the mesn
motion into the perturbation motion. If the
viscosity 1s negloetod, the flow is found to bo
perfectly stable. The most important case of
stability of tho boundary laycer of a flat nlate
bclongs in this elass (reforwnces "1land 12).
The 3lasius laycr was f-und by Téllmicen (roefer-
once 11} to be subject Lo this type of viscous
instadbility,

The rosults of such investigations of viscous insta-
bility, ~hich were nainly advanced by the Géttingen groumw,
did not, howevasr, nmeet with universal acceptance, Tha
reason for tis is found in the Yaclk of experimental cvi-
denee - ospocially in the easc of tho flow along a flat
plate - and also in the nwrthountical and physical not-
quite-convineing assumptions nand metliods of approximation
uscd in these thoories. ' '

On *the othor Zond, the resulte of the theerctical in-
vestigations revealing dynamic instabilitics have been
gunernlly aceepted. Thcorics of boundary-layer transition,

bwsed on the assunptien that finita external influcnccs
such as turdbulence or an adverse nressure gradient change
the mesn velocity profile to = dvnamically unstable form,
were therefore pronosed. Thic point of view was especial-

,

ly advanced dbv G. I, Tnylor {(refercnce 4.

The influence of curvature on’ boundary-layer transi-
tion belongs essentially in the class of dynamic instadility,



L2 £ matser of fnct, 1t wng sredicted that the centrifuzal
~nd Cor‘olls fayreces should nroduce statility ~nd instabil-
ty ranges of the same menernl character as are observed
in the case of reotating criindevs {refercuce 2.

The recent digcevery of tiac sinasoidal bouandary-layer
1 \

i-—-‘?d

oscillations by Schubau.r and Stramstad (ruforcnce RIS 4
thoe Tasional RBurecau of ?tmrdardz and t1e investimation <f
ho bohavior of these oscillations gnve thre first clerny

confirmntion of the Tollmicn ond &

vigecous instabllluy. This cxperimental result
¢l:r influcenced the appro oach of uhe entire tranasi

roblem. Owing to the exchange of DProgress reports -
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threugh the NACL - between the .3.3, and tho GLLCIT, ne
authvr wne fortunatoe in having advance knowledge of these
invootisncicas, and The ragearch progrnn vas strengly in-

fiwencced LT othis sost important into srenanda.

“ne rosvlte wrosenbed in this report ghow that the

canrngbar of Boundar-layer trmnsition At 5 CconvVeX be und~
ry is the game ns oon tao flat plak The TE
th e laminar beundary -lsver oscillations

wlte cf Schubnuer nnd Siramstad on the

“light stavilising cffect aof crnveX curv
Loticenble in the investigateod raungs nd

]l dmpertancos. GConcave curvature, howe

wwe n strens destabillzing effcet, in &
cretical cxpect tion, re”ard_ﬂg s dvnani
Aue to centrifusnl forces. e present
Fives a sgeneral survsy of thls "econcave!
the rosults are not gud w0 complaote as
the flat plrte nnd cenvex walls.

Tnis invectication, conducled at the ¢-1i- orniz In-
ctitute o7 Technology, was emonsorzd by, end conducted
witn financial assistance from, the Hational Advisory
Cemmittes for acronautics. Dr. Juo. ven Karman ond Jr.

C. B. Millilkan supervised the rosearch. The anthor wishes
tn express his zincere anpreciation ¢4 Lhanxs fer tiecir
enocourarmement nd sAvice.

My, Corl L. Thiele and . Stanlar Corrsion's cooper-

ar

ntion -nd Mr. ¥Ynillip Jdohnson'c assistance during varions
vorts of fihe irvestigation are crat. fully ackuowledged.
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6 II. SYMROLS

‘X (~The boundary surface is
) represented vy y = C.
¥ orthogonal cocrdinates ¢ The X axis points from
; w the leading edge in the

Z L direction of the main flow
r i o radivs of curvature of the boundary surface
Wy VoW local mean velocity
U ' mean velocity of the free strean
ut 7
v! p components of the velocity fluctuations in x, y,
) and gz direction
!
LAl \ . : :
— £ /2. etc. root mean squars of the relative velocity fluctuation
u L,/ u ,
p ‘ density
v ineuatic viseosity

f U . .
T = /_m: 3lasius! nondimencinnal paraieter

VAR

5 boundary-layoer thicdkness
0 zoimentur thiclmess of the b undary layer
87 disvlacement thicimess of the boundery layer
R \ Reynolds mumber
- - . e , ‘ Lok ‘
I, Rﬁ, 38* 2eynolds number hased on x, ¥, ond &, resmectively
B, Ry , Rg* Zeynolds number of %i:e transition point

Br =29 fimes the frecuency f

\;

|

© = 21 divided by tlhe wave lensth A
‘ f the Tollmien-Schlichting waves

Cr paasc velocity
B8y amplification # ctor
o = 2m divided by the wove lenzth ] . - .
R N of the Tarlor-Gortler vortices
g emplification fackor ‘
r=00-foot wlrte, r=30-inch wlatc = T bach
T stively
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TII. APPARLTUS 4lD METHODS

1. Ths: Wind Tunnel

|1j

igure 1 shows the wind tunnel eswecially duilt for
for this resecarch. The :omowlat unconventicnal design v
dne to the following reauirements:

"

(aj The tunncl should possess test geebions of vari-
ous enrvatures wiich are easily interchangenbdle

(b) The test sections mus
(5:1) in order to preve
the curved seccticns

t nave a larege sspoect ratio
nt sccendary flow in

Tocausge of Lhose reoasons a prefsurs-type tunnsld was
chosen by the Clal :rg irefercnce 1), and tao concral lay-
out c¢f the precaent ‘unnel resembles very rmuch that de-
seribed by them. The prossarc in the toegt gecticn ¢f a
tunncl c¢f tho ypa shown in figurc 1 can ove adjusted bty
means of flaozs and screaug at the dirfuser cxit. Tuous
tho test secticn can be operatecd without large pressure
di“ferencos actins on the walls. This is an cesential
soint for thz cens truction of high and narrow test scetrions
as cmpleved in this investisation.

The tunncl is operated by a 6i-horsencower stationary

natural-gas engine vkich drives two S-blade fans, The

sprcd is rewotely controlled by wmeans of a small sloctric

motar which drives the throttle tarough a fcal and load-
g n

scrow system. This gas cnginc was cnoscn as a result of
firancial and elcctric power considerations, and hat nroved
vary satisfactory. The velocilty range of the tunncl 13

abeut 5 to 40 metoers per sccond.

2. Turtulence Lewvel

The turbulence level in the test section of the tunnoel
is controlled by twe screens and one honeycond followed DY
. 10:1 contraction (fig. 1). The screens are sealless
precision screens; 18 mesh per inch, wire Aiameter 0,018
inch. The honeycombt consists af some 600G paver mailling
tubes, 7 incihes long snd 1 inch in diamcter The main tur-
bulence-controlling device is actually the screen farthocot

downstream. The honeycomb and first screcn serve mainly t0o

grooth the very irregular flow entering the settling chanber.



ca

The turdbulence in the test section was found to be

. .
L = 0.05 nercent

u

v'! w'!

— = — = 0,12 percent
u u

At the highest obtainable speeds the value of u'/u  was
found to increase to about 0.09 percent. Correlation
m€asurements showed that the correlation function for the
tunnel turbulence did not resemble an exnonential func-
tion as in the case of isotroviec turbulence. The correla-

i I
u, U,

w1l = /__~ <
x/ul yvul

distance of about 1/4% inch from 1 to about 0.7 but from
then on decreased very slowly over a distance of 2 inches
to adout 0,5,

tion coefficient

was found to drop over a

This shows that the turdbulence in the free stream is
quite differeant from isotroric turbulence. This in
agreement with the results of Schubauer and Skranmstad (ref-
erence lu), Wwhich showed that a large part of the tunrel
turbulence at low levels consists of sound. The Uscalet
of this mseudoturdbulence is evidently very large.

3. The Test Sections

The tunnel possesses three interchangeable test sec-
tions of different curvature: r =, r = 20 feet, r =
30 inches. The heipht of the sections is 5 feet; the
length, 7 feet; the width, 7.5 inches. The construction
ls e¢ssentially the same for the three sections. They con-
sist mainly of three plate-glass plates of 1/4%~inch thick-
ness. Two of these plates form the walls of the section;
the third plate, set in the middle of the section, forms
the test sheet. In the case of the curved sections, the
radius of curvature given is the one of the test »plate;
the walls forn concentric cylinders. The leading edges of
the test plates are ground and polished over about a 25—
inch length to a leading edre of 1/72-inch radius of curva—
ture.

The side plates of these sections can be moved out andgd
in at both the trailing n~nd leading edges and the test plate
can be rotated about a mivet situnced in line with the lead-



inz edge. Pressure gradiunt ard angle of attack can thus
be adjusted within fairly wids limite.

4, Travereing Mechanism
Farlior investicati-ns have shown that for a ccmpiste

investigation of the toundary layer and of transition, a
continuous traverse with the measuring ingstrument along

the plate (in x-dircetion) snd normal to the plate fin -
direction, is very esssntial. The narrow test sections,
wgich leave con both sides of the test vlates channels oniy
3% inches wlde and, in addition, the curvature of the sec~
tiang, made a continuous traverse difficult. The con-

structisn of the traversing mechanism 1is therefore mre-
ented in some dctaill:

Pigrre £ chiows Hhe general gchone of the arrangenent
dravn for *the raction with the largest curvature (y = 30
incres). The actual traclk mechanigm, whiclh has to be

rather heavily built, is removed fronm the test section into

the diffuser. 4 frame formed of heavy streamline stecl

tnbing slides in tracks running along thie top and ba*to

¢f ths diffuscr. This unit is provelled by means of a

chain and sprocket driven by a roversibl speed direct-
> me

o-

rewt motor by remote control. The m rasuring instru-
‘ tg - nat wires, astatic tubes, and so forth - are meunt-
ed on small carriasgcs of the tvpe swn in figure 3.

Se ca?rlages arc ~uided along tite plate by long aris
the stesl frame in the diffuser into the
teet secvlcn. Thege arms arc made of dural tubing in rar-
titions connccted v brass hingoes to allow the carriage to
follow %“hn curved nlate. The nunter of partitiors wac
feur for trhe » = 30-inch plate. two feor the r = 20-foot
nlate, and onc for the flat vlato.

o
A
]
o
o
e
.5
!
Hh
H
o

The carriasce are hoid on tle test plate by msans of

& spring-loadoed lever proesing againet Sthe wall of tue
sectlon., This arranegement made possibdble a continusus trav-
ersc in the x-direction of aboutv 6 fect. To traverse

ac netru-

“nee the toundary laver in the y-direction the 1
ment on the carriage can be tilted by means of a micro
scrow which, in turn, ie cperated by means of a flexidle
chat running aleongeide the arn {(fig. 2) to & small reovero-
itlo-speed clecrric mefor mounbed eon the traci in th'
fus¢r, Thus, a contiuuous traversc cf aocoutb 2i inch
mal %o the plate is accomplished.

4,
o0

142]
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The x and y positions are read through the glass
vall on a paper secale giving the distance from the lead~
ing edge, and on the calibrated micrometer screw on thre
carriage, respectively.

In the z-dairection the arm can be set discontinuously
by moving the clamps whick fasten the arm to the steel
frame in the diffuser. Figure 4 shows the r = 20-foot
section with the traversing arm in the forward position.,

This tyne of traversing mechsnism worked very satig-
factorily, btoth for the concave and tre convex side of the
plates, Since the main unit is mounted in the diffuser,
only the arms have to be renlaced when changing to another
test section,. '

—

5. Hot-Wire Avparatus

Eot wires have been extensively used in this investi-
gation, All velocity profiles and, of course, all meas-
urements of fluctuations were made with the hot-wire ane-
moneter, The determination of the transition noint was,
in earlier mensurements, made bv means of the surface-~-tube
techrique, but in later measurements a hot wire Was €M
ployed,

The hot-wire equipment can be split up into the Hote

wire anemometer proner, the eiectrical apparatus for mean-
speed measurements and, finally, the anparatus used for
the study of velocity fluctuations,

(a) Hot-vire anemometer.-~ The hot wires used consisted.
of platinum wvire 0.0005 inch and 0.70024% inch thick for
mean-speed and velocity-Ffluctuation measuremeénts, respec-—
tively. Theé nlatinum wire was always soft-soldered to the
tips of fine sewing needles. The silver cover of the
0.00024~inch wire (Wollaston vire) was removead before sol-
dering the wire to the needles. The hot-wire holders con-
sisted of ceramic tubing (so-called Stunakoff tubing) adout
5 inches long. This tubing is availasble with either two
or four holes - the diameter being about 0.ib-inen and: 0, %=
inch, respectively, The needles were soldered to copper
wires which were cemented into the holes of the ceramie
tubing., A holder of this type iz seen in figure 3,

The wires used for measuring mean smeed were Fener-
ally about 2% millimeters lons; velocity fluctuations DAT~



allel to the mean. flow f(u') were measured with a sinzlc
wirce about 2 millimetere long,; fluctuations normal to tinc
mean flow (v', w') werc mearured with two 3-millimeter
long wircs, mounted in x form. The wireg were mounsed in
two marallel planes as close tozether as rossible. The
nole betwoen thv vwires was odetween 60° and 80°; the an-
g]g with thc direeciion of +he wind was therefore butweca
30% anda 40° '

L

(b) Egquinment for mean-svccd measurements.- Ter meac

uring nmean speoed, beth the conuuant—Currcnt and the con-

stant-resigtance me tbod% were cmpleyed. These mothods arc

doscribed in the literature (for oxamnle, referenca i5).
Generally, the canvtant-rcsi stance method was preferred,
owing to the consbant scunsitivity of the wirs throughous
velocity profile, which pernitted operation of the wire
~t rather low tcmperature (about 40° C above air tenmpera-
turc). This lergens the crrors introduccd by counvection

o,
‘he me

currents and hcat loss to solid boundarics. |

o 5]
instruments censist mainly of a Whoatstone bridge for acacs-
t r

nring the resistance of the wire, and a potontio
neasuring the curroent through the wire or the
across thoe wivre. This ncan-spced anparatus is made Up of
two identical circuits which, with the nccessary s
ings devices, allow the opecration of two scparate hot vire
1ind the mcasurcnont of the sum or the differznce o

O
H‘«

voltages acroses the wires The avpparatus, together with
“he anplificr described in the next scetion, fe built in
cne largse stecl cabdinet to avoid external clectrical dis-

turbance.

The whole svparatus was dcsigned and built by Carl
Thiele.

asuring

n

O

(e¢) Annarqtgs for turbulerce investigaticn.—- The main
vart of this uwipnent consists of an alternating-currceng
amplificr to aunli fy voltagmse Tluctuations across the wircs
The amplifier used had & frequency rcsnonse uniform within

about X3 pcrccnt from about 5 to 900C cyecles pur sccond.
For the compensation of the time lag of the wirc, an in-
ductance circnit with variabdble ccmpernsation resictance is
providcd. Thoe output of the amplifler is measuroed by
means of a thermocouple and wall galvanomcter. The whole
unit is battery-omorated to lcesen the pickun from cxtar-
nal disturbanccs. The time consgstants of the wires wcro
determined by the clectrical-cescillator mcethod (ro encoe
15 vy, Large cholius in the heating circults of the wires
issurc constant-current cperation.

£y
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Auxiliary cquipment includes oscilloscopes, scund an-
alyzer, oscillator, an electrenic switch to allow obser-
vation of two signals with one oscilloscoPe and finally,
a frameless General Radio mot10n-oxcture camerzs for photo-
gravhing oscillograms.

8. MHeasurement o¢f Pressure Distribution
Angle of Attack

The pressure distribution aleong the plates was measured
with a emall static tube made from a hypodermic needle.
The tube was mounted on the carriage at a distance of about
1 centimeter from the doundary, and the pressure along the
plate was measured a2t tlhis constant distance. It was soon
found that the pressure aleng the mlates was not uniforn
but showed irregular maximums and minimums. The setting
ot the walls luproved the over-all gradient bdut did nct re-
move the waviness of the distribution. TFlexible walls on
the top and the bottom were tried but showed little effect.
It was thrn concluded that the "waves" in the distribution
were due to local changes in radius cf curvature of ths
test plate. Thie was confirmed by comparing the pressurc
distribution on both sides of the plate and by observation
of the distance of a hot wire frow the mlate set very close
to the boundqry and moved along on the three-legged car-
riage. This variation in radiuc of curvature limits the
accuracy with which the pressure gradient can Dbe set to
zero, 4As expected, this cifect was largest for the sharply
curved plate, It 1s be licv 4, however, tbat the residual
pfessurevgfadient did not ”norec1ably a"fect ftransition.
The pressure distributions for zero gradient are shown in
figure bH.

In all measure:iients on the curved plates, the angle of
attack wag sct to a favorable value; that 1s, the stagna-
tion poiat was put on the investizated side of the test
plate. DSuring thekinvestigau.onﬁ of the flat plate, it was
attempted to set the angle of sttack to zero by mesasuring
simultaneously on both sides of the plate. The getting of
the stagnation point determines naturally the pressure dis-
tribution over the first few inches of tle plate. A 4is-
cussion of this effect in connection with the results ob-
tained by the Clausers is given later on.
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7. Determination of the Transition Point

Transition was determined in earlier measurements
with the surface-tube technique. (See, for example, ref-
erence 5°.) This technique uses essentially the differ-
ence in velocity clese to a solid wall in a laminar and a
turbulent laycer to determine transition. Later, visual
observation of velocity fluctuations measured by a hot
wire on the screen of a cathode-ray oscilloscope was ap-
plied to determine transition. This method uses, essen-
tially, the fact that the flow in the transition region
alternates between a laminar (Blasius) and a turbulent
(v. K&drmdn) profile. This causes large sudden vslocity

changes close to the plate - the so-called turdulent
bursts. The first appearance of these bursts was taken
as the transition criterion. The locations of the transi-

tion points determined in this manner agrec satisfactorily
with points mcasured with the surface-tubc tcchnique,
where the minimum head (i.e., shear) is taken as trensition

criterion.
IV. INVESTIGATION OF THE FLOW ALONG A FLAT PLATE

Before any attempt to determine the effect of curvature
on transition was made, the flow along a flat plate was
investigated.

The purpose of this investigation was:

(a) To determine whether a stable laminar boundary layer
with a clearly defined transition coint could be
obtained in a tunnel of the type shown in figure 1
(As mentioned before, it was found difficult to
determine transition on a flat plate in the tun-
nel of the Clausers.)

(b) To determine the Reynolds number of transition at
zero pressure gradient for this limiting case, r=o

(c) To develop the necessary techuique for the investi-
gation of the effect of curvature on transition

1. Mean speed distribution in the laminar boundary layer
was measured with the hot-wire anemometer using the counstant-
resistance method. The result is shown in figure o.

The agreement with the theoretical Blasgius--distribution
ig very good. The wires were operated at low temperature
and the heat loss toward the glass plate is seen to be mneg-
ligivle, eince even the points closest to the plate do not
show any marked deviation toward higner velocities.
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2. Transition Point

The transition point was determined by means of the
surface~tube technique. The pressure gradient was set as
close to zero as possible; figure 5 shows the actual pres-
sure distribution along the plate. The anpgle of attack
of the plate was set seo that transition sccurred at abdbout
the same distance from the lcading edge on both sides of
the plate. The measured Reynolds number of transition
based on the distance fromn the leading edge was about

2 x 10°. Measuroments with.a "stable" angle of attack -
that is, turning the stagnatlcn point en the inveﬂt1g<ted
side gave a Heynolds numbsr of about 2.5 X 10° The pres-

sure gradient in this latter case, however, was slightly
favorabdle and the increase in Reynolds number of transi-
tion is therefore mossibly not due to angle-of-attack ef-
-feet only. )

vhat lower than Schubauer and.

These valucs are somav
cfercnce 14) for the same turbu-

Skramstad's results (r

3
1OOM/u'° + v1® 4oy
lence level., Tor — - = 0,11 (the value
JO u‘; .
of the free-stream turbulence of the present investigation

Schubauer and Skramstad zive: Ry = 2.7 X 10°., 4 possidble

gxplanation fer this discrepancy is given in a later vart
of this report.

3. Velocity Fluchuations in the Boundary Layer

The velocity fluctuations, ocspecially in the laminar
beundary laycr and in transition, were studied in somc de-
tail. All three components of the fluctuations have becn
noasnred, The results are shown in figures 7 and 8. The
results of this investigation do0 noet now seem to be of as
great interest as was thought to be the case when these
measurcments were carried out, This is due to thce discov-
cry of the laminar boundary-layer oscillations wiich will
be discussed in a later part of this report. Only the
nain conclusiong, therc fora are given hero:

It is seen from figures 7 and 8 that, in the laminar

laycr v' and w' - that is, the fluctuations normal to
the mean flow - are of much smaller amplitude than is u!
With increasing Reynolds nunber, u', v', w!' increase in

the laminar layer, keeping about the same ratio of u':w!

In the fully developed turbvulent layer, the values of

)

vt
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vi, w', and u' are of the rame order. The large fluctun-
tions occurring in the transition region itself have to be
considered senarately, since the larger part of these fluc-
tuations 1is due to a sudden change in mean speed rather
than true random fluctuations about a mean value. Tigure:

9 illustrates the E_'\) veloeity fluctuations which may
u

be expected to occur in the transition region: The mean
velocity distribution alternates between a laminar (Blasius)
profile and a turbulent (v. Karmdn) profile. The velocity
close to the wall will therefore suddenly rise from
(Wiaminar to (Wiyrpulent: drop again to (Wispinars
and so on. The velocity close to the outer edee of the
laninar laver does the same, but the nhase is reversed

since here (see fig. 9) the turbulent profile gives a
smaller veleocity than the laminar profile., This exwlains

u!

the two maximums found in the distribution by some

investigators (references 16 and 17). Figure 10 shows an
oscillogram of these fluctuations observed near the wall.
Tne one-gsided character is clearly seen. These turbulent
tursts are typical of transition and in later investiga-

tions transition was often determined by their ampearance,

V. EFFECT OF CURVATURE ON THE TRANSITIONW POIXT

The effect of curvature on the transition vpoint 1is
presented here, before a discussion of the laminar boundary-
layer oscillations is given. This choice was made as a re-
sult of the belief that the basic concentions of the in-
fluence of curvature on transition, which led to this in-
veastigation, should be outlined first and compared with
the results of measurements of the transition point by
conventional methods. The investigation of the laminar
boundary-~layer oscillations required a aguite-different
technique, and the scope of this second tyne of research
is rather different from that originally planned.

1, Effect of Curvature on the Mean Flow
in the Boundary Layer

The Navier-Stokes equations for two-dimensional mo-
tion are:

U,@_:t}+v§_‘l_l=—la__..p+v<_a.il+£u? (la)
o Ox
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) 2
3v dv 1 5p {aav 3%v | - /
W o 4+ ¥ oo = e — == + D + {1v)
ox oy R ¥ 3x? Jy*
The theory of boundary- laver flow assumes that the

thickness & ‘of the layer in which the viscous and ine
tia terms are of the same order is small cempared with
the length V  of the layer measurcd from the stagnaticn
point. Thus, :

2l . 2.1
ax ] 3y 8
and
: v -8
.

Teglecting torms 5/1 and higher, the boundary—laycr cqua-
la

n rosulse from (]

u Sty v cu = . 1 9? + v 9~% (2)
ax oy p oOx

since the balance of viscous and inertia forces in the layer
a s

411 velceityr terms in {(1b) =re of the order &/1 or higher;
nhonce 1t follows: '

%P 8

3y 1
Consequcntly, the pressurc sradicnt acrose the laycr for
plane motion is of the order 6/1, and therefore ite influ-
ence on the mean gpced dis stribution noglected. . The experi-
montal verification of “he computed velocity profile in
the case of the flat plaﬁc proves theso assumptions to be

Justificzd.

1

If curvature of the

surfTace is taken into account, it
follows that the prcessurc ncross the voundary layor is no

longer constant but that there must exist a pressurc gra-
diont to balance the centrifugnal force. If x doenotes
the circumferential coordinase, ¥y bth2 normal distance
frem tho curved s:rface, u avd v the circumfercntial and
radinl velsrcity comnenanis, respsctively, the boundary-



-

tion remains, in first anproximation,®™ unsltored.
appaenrs a second cguetion, giving the balance
rifugcnl ferces and pressure ¢ adlunt Across

)

cu® _  dp f+ for concave boundaries (3
e s (S
|r! dy -~ for convex Dvoundaries
Hance *here now exists a dirfercnce of pressure in the
boundars larer normal to the nean flow nI the order
o) 8 /
O, (2)
3 pou” T

Thie shows “rn“ tie etfect of

¥ metar & r. Since 5 is o function
ity U, t~e parancter can be changed 2t a siven
; Iy tha.speed. Tiuis marxes an iav
affect of curvature over a wide range

1 curvoture sbould demend ou
¢

C the veloc-

withi Tirited nunbor of test alates possiblo. As
1 is not particularly wuitable
definite; & 1= therc

“lacenent thic
e momentum thicknen

4 that %he influvezsncce 01
ofile was ne=liigibvle
~ that ie, upn to

t
curvaturce on i3]
thrournout the inves

1

% = C.051. The velocity profiles, measurcd on toe curven
nlateg, ngreed vory well with the Blasius distridution

for “he flat wmlatc. Hence, in all comnuta iong the veloc-
it wrofilc is tsken as the 2lasius pr ofile. licomentum

2=d disnlacement thickness were tha* taken as

el
i

o Zffect of Curvature on Beundary-Layer Transition

consideration of the atability of curved
due to Pevlﬁigh (reference 1¢ ) und

Lot ary- L

i rodine of curvature, ie assumed Yo be irge colt
pared with 8.




Prandtl (reference 19). Consider a particle of fluid in
tie boundary layer having a velocity Uy The equilibrium
condition (equation (3)) gives:

PuG® _ 4 I/é}_j\ ‘
lrl \ay/}O

If this particle is displaced from its original position
in the vy (or ) direction, it enters a layver in which
the velocity is, say, u;, and therefore

puy” oD\

— T :
Iz \ov/,
during this motion the particle has to conserve its angu-—

lar momentum w r. For small &/r, r can be assumed as
constant throughout the layer. Hence, u = Uugq. Consider

first the concave side of the plate: If the varticle is
moved outward from the wall

-
D»lo

s
|r| |z

4

Hence, the centrifugal force ncting on th: dismlaced parti-
cle i3 less than that acting on the surrounding fluid, and
under the influence of thc nressure gradient the marticle

tends to move further in the same direction. If the narti-

Ouoz ou. ®
cle is displaced inward e -~%_  and the vparticle has
Ir b
. i : i
again the tendency to con*inue in the same direction; that
15, the flow anpears to be unstnble. Cn the convex side

of the plate, the same considerations show that the flow
should be stabilized. Based on this consideration, tran-
siticn was expected to be delaved on the convex side of a
curved sheet and precipitated on the concave side. It is
interesting to note in this connection that the flat-plate
boundary layer has to be considercd slightly convex curved
since the second-order prescurc gradient across the laver is
equivalent to a slight convex curvature,

L1y .23y 3 ¢
\
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The exnerimental results of transition measurements
on the convex and concave sides of the r = 20-foot plate
together with the results on the flat plate are presented
in figure 11, The Reynolds number of transition R, ,

tr
based on the momentum of thickness &, is plotted as
function of ¢/r. Negative values of 8/r correspond to

concave, positive valuss to convex curvature.

It is seen that the Reynolds number of transition on
tvhe convex side of the r = 20-foot mlnate does agree,
within the experimental scatter, with the result found for
trne flat plate.

Concave curvature is seen to have » marled destabiliz-
ing effect on tre boundary laver. The values for Rﬂ

tr
found on the concave side of the r = 20~-foot nlate are
considerably lower than the values for the flat plate and
)

decrease with increasing s .

The transition moint was then investigsated on the con-
vex side of the r = 30-inch plate at different free-
stream velocities and thus at different values of 3 r.
The values of #/r which could be reached in this way ex-

tended from o = 0.6 x 1073 to about 2.0 x 107° ; that
ig, they are about one order of magnitude larger than
those obtainable with the 20-foot vlate (fig. 11). The
first measurements led to the surnrising result that the
Reynolds number of transition decreased from a value of
R, = 2.2 x 10° at the smallest value of d/r, to about
0.5 x 108 at the highest value of 4§/,

Although the highest transition Reynolds number thus
found corresponded very well to the measuremeénts on the
flat plate and on the 20-foot plate, the sudden decrease
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in Reynolds number was suspected of being caused by an in-
fllonce other than the curvature. Since the lgwvest valucs
of the critical number were measured at the lowest srecd
and thus at the greatest distance from the leading edoe of
the plate, an influcnce oFf the spreading of turbulence
from the turbulent boundury layer on the outer (concave)
wall inward toward the contor plate was cuvonct,d nas the
factor causing the ecarly transition at low speeds Meas-
urements of tac turbulence level close to Lhe bd;é of the
laminar boundary:; laver of the corter rlatc showed that
this assunptios was correct. Fisure 12 gives the regult
of tiis survey., T4 is scon that the tarbulen level

'/U is ncarly constnnt =nd cqual to the normal free-
ftrecam level of about 0.06 porcent wp to = = 60 centime-
ters. TFarther Cownstrcam, tho turbulence lprl increasc
razidly to a value of .75 percent at x = 135 contimo-

ters, Thie incrcasc in turdbulence level is certainly
lrrge encugh t5 decrease the value of the critical aumber.

an attempt could be made to corrcct “hese transition
measurcments Ly using the results of the N.2.S. on the in-
flavnee of the frec—-stream-turbulence level on the l-ca-
tion of the traneiti-n point. Such a correction, however,
is rather doabiful for the followving reasons: The neas-
urenents at the N .B.S, were made with a turbalence level
very nearly conctant along the lsminar boundary laver from
the leading edge t0 the transiti . n point. In the curved

b4y bt

tununel, the boundary layer is influenced t;7 a turbulence

level which is constant up to a certain distance from the

leading edge and increcases steadily thereafter. PFurther-

more, the spectrum of the turbulence will have a certain

influence #nd it is therelore not cortain if the N.2.S,
esults are dircctly applicable.

It 1o believed that the moasurements up to about
= 0,001 are not appreciably affected by this spread of

o e

turbulence. The combined resulte of the measurenents on

the flat plate, the "0-foot, and the 30-inch vlate (up to

& -3 . .

? = 10 /. are plotted in figare 13. Convex curvature

has apparently no anpreciadble ¢ffect on tho point of tran-
tion from the laminar to the turbulent state of the

boundary layer.

The spread of turbulence from the boundary laycr along
the concave wall is interes ting and worth an investigation,
especially since this problem umhzt oceur in the design of
clogcd re?urn low-turbul eance wind tunnelsg,



The influence of concnve curvature is in agreement
with the consideration of Rayleigh and Prandtl, discussed
above, This result, together with the lack of any sta-
biliging effect of convex curvature, suggests that the
mechanism of transition is tre same for the flat plate ~nd
the convex curved surfaces, but different from the mechan-
ism leading to transition ¢n concave surfaces. That the
boundary layer on the flat plate does not represent the
¢xact limit between concave and convex curvature, but is
to be considered as slightly convex, was vointed out above.

This consideration lcads logically to » more detailed
investigation of the mechanism of transition.

VI. BOUNDARY-LAYER STABILITY
1. Theoretical Discussion

The question a2s to the stability of a given laminar
velocity distribution is one of the most important and,
nathematically, most difficult nroblems in fluid mechan-
ics, To treat the problem analytically, the following
assumntions are generally made:

(1) The mean velocity w 1is parallel to =x »and is
only o function of ¥y

(2) The perturbation velocities utl, v', and w' are
considered so small that souvares and nigher-
order terms of wu!/u, and so forth, can be
neglected

Since assumption (2) leads to linear differential
equations, u', v', and w! <can be chosen as simple fune-
t1ons {for example, harmonics) and the general perturbda-
tion can be brilt un as the sum of these simple functions.
If the motion is found to be unstable - that is, if u',
vi, and w'! incrcanse with time, the theory can only be ex-
vected to hold for the initial state; tkat is, as long as
u', v'!', and w!' are so small that the linesr approximation
(2) is anmnlicadle. Hence, a theory based on the above
assumption is able to predict the breakdown of laminar
flow but not able to give the development of turbdbulent
flow, since this involves a change in the basic profile
and represents, therefore, a nonlincar phenomenon,
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In connectioan with the curvature effect on transition,
two typss of peorturbation fluctvations wuich have been the-
retically ianvestigated are of umain intercst:

(a) The two-dimensional perturbation given by the
stream funcuion

i
2

) Ci(mx-ﬁt) (8)

Wix,y.t)
where o 1g talien as real, B as complex, B = Br + 1By

(b) The three-dimencional perturbation given by:

¢ ).o?t

wt = Y, (y) cos {(nz

vl o= Y,(y) cos {az) eft . : (2)
w' = Ya(y, sin ‘az) oft

vhere both o and B are real cuantities.

and the tvo-
y Tnvicr-

i
/

assa pflons"(l) ard (2
tioncl narturzation (8),‘t,

-

h
can be reched t

< -
Stokes em fio o the so-
callied Sourerf 1d ecvation
fieo) (o' -a?s) - wip = — 2 (3T L safer + afe)  (10)
‘u-c ® ~ate) - oulyp = - T A ~ 2" + a’o
' E

where the renl part of ¢ = 7 is tie phase velocity of
the “"wave! (ecguation (8)). Thas determination of o from
eouation (1¢) for a Siven U(y) and iven boundary con-

¥
ditione is cunly poseible for cervain: weiies of o, ¢, and
a characteristic Reynoids number of the problem. The sign
of the imaginary yart of tdcs“’ﬁm ;envalueshfor ¢ deter-
riines wnetier tlie perturceti is mositively or negntively
damped, since

By + iBy = a {ep + icy)
hence - ) / \

W(x,y,t) = @(y) eMe2 el(l X~Crt/
It is seen from Equat on (10} trat for larsc values of
Reynolds number, tha “ant s:%e of tue Sonmcrzela equation
beeounes voery 'small, -Eence, in “he limit H-—o tie fric-
tionless Ucrturhau ion eguatiocn
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(uec) (g -a"p) -« u'p =
remains.

Jxperimental evidence cheows that inas tability of lamim
| ~a .
4 [ [S

nar flow caa only be axiectel for laree Reynclds nunters.
Since a seasral solubiod of 2avatlown (1@: iy diffi culc,
thie methoyd olviryg hhe "eloernvalue mrebiow i1s bo seek
asrupbotic scivitiva~ of courn or L0 fv: tzrge RO Baua-
tion (11) can Ve talen an Lomiting raco For R*—**m. Snd
herc there occurs » Giffisulsy ous to Lhe §%ct that in
N

eauation (11, thae torm of highest order q} 1s neglected,
Zruce it has to Ye shown hthai sclac.cns of cauation (11)
corresuond to tras esynytotic scluticons of ecveticn (10,
Furtnermore, it cenevally shoowa theot the vhase Ve
Ledity  cp is smaller than ke mur maa value of
AR Longegnel there exists a singularity of cqua-
sien (11} at th Yy = ¥o whkere u ~ ap= 0 1if

"4 0,

In the Tirst attempts at solutioan by Rayleish (refer-

), only cquation (11) was coneidored. The singular-
ity was avoided by approximating the profile w7 by a
n 3

Pzlygen. The result of Ra vleigh's invostication was that
prefiles where u" changed sign were unst=ble. Since in
aation (10} the influence of friction on the nerturba-
“ion is neglcoetod, a dynamic :'Lnstabilit'r tor certain pro-

files was thus found. Tollmien {refercnce 7) has shown
that Reyleizh's result was not duc to the an»proxinmations
of the continuous profile by a polygon, and that the
change in sign of u" is a sufficient condition for dy-

namic instability. Honce, profiles whero u' changes
14n are always found to be dynamically unstable

randtl (reforence 20) and Tietjens (rcference . 21)

inves tigat ¢6 the influence of frlctlon on dynamically un-
stable profiles The influence of viscosity was pstrict—
ed to a small luyer close to solid walls: The profile

was azaln uprroxuat >d by a polygon. Prandtl and Tict jens
found that the infliucnce of friction was destabilizing;
proiiles found dynamica ally stablc became unstadble if fric-
tion was taken into account. The discovery of this vie-
cous instadbility ie¢ of zreat importance in view of the
faet that experizontal cvidence shows that viscosity ic a
decisive factor in the devclopment of turbulenco. How-
cver, Prandtl and Tiet jens' result gave inst ability for
all Heynolds nunbore, vhich docs not agrce with cxperimen-



tal results. Tollmien (referemce 11) extended Prandtl
2nd Tiet jen's work Dby considerirg a continuously curved
profile. In this case viscosity has to be taken into ac-
count close to scolid surfaces and in the neighborhecod of
the singularity of equation (11;.

Tollmien investipated an approximation to the Blasius
ofile and found instaollity fcr a small range of fregquen-
s above a cevtain cvritical Reyaolde number., Schliohtinr
eference +0) extended Wﬂilﬁizn's theory and compuiod th
p’xflpnvxon the arplitvde distridbution, and so forth,

the "dangerous” Pr0qucicL 6. Tollmicn'e results vere
t genarally accepted since there was no expsrimental ev-
lence that {recuency and wvave length, rather than amplitude,
ring adout the breakdown ¢f Z“he laminar layer and since
gular waves, such asg siiould be exvected accordiag to the
teory,; were not observed exmarimeatally. Furthermore, the
othed of joining *he solutiong of ecuation (11) with the
SOLhtlonS of enuatior (lO\ in the neighoorhood ¢f the sin-
gularity was considered mathemati cally not conviucing.
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The édiscovery of the laminar boundary-layer oscilla-
tionsg by Drydsn, Schulauer, and Skraumstad (reforence ¢u),
end the agreement of the measurcd characteristics of these
cecillations with the thevretical results of Tollimiern and
fchlichting pr-ve the vaiiditr of Tollmien's assumpticns.
Hence, the mechanism ¢f laminar bLoundary-layer instaonility
on the flat plate cuan be concsidcred known.

onn Gisturbanccecs of the form

The effect of curvature
of couation (8) was theoretically investigated by Schlicht-
ing (reference 20), who concidercd the flow in a rotating
cylirder uveing the sane Jeneral mebhod as Tcellmien

Schl¢pht1ng f0un6 a slightly statiliging effect of curva-
ture (caly convex curvasure wac coasidered) on the viscous
instability., Gértler (refercnce U ) ianvestigated the in-
flucnc“ of both concave and cenvex curvaturc on dynanic

instabillity with rcospect to two-dimensional disturbances
(equation{ 8)) He obt< ned tho resalt, that velocity pro-
files whecre u" + %3 changes eign are unstadle (r posi-

P . Y
tive for convex, negative for ccncave curvaturc).

Since for boundary-laycr profiles in the absence of a
rressure sradient u'" < 0, u 1t follows that a pro-
file which is dynamically stadlc for two-dimeansional per-
turbations on concave =zad flas 1ls can be dynamically
unstadble on convex walls Thies ce¢ifeet, therefor.s, is in
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direct ommosition to the cimpleo censiderations of Rayleign
~ud Prandtl, (See sec. IV.)

It is interves+ting to note thrt both Tollmien's crite-

rion for dvramical instability, u" = 0, and G6rtler's
! )

eriterion for curved flow, uw' + — = 0, corresmnond to the
statement that, if the vorticity has a maxirmun within the
layar the motion is munstable with respect to perturdations
oF ths form (enuation (8)).* This sugrests that the dynnsmic
instabilit» of the two-dimensional nerturbations is due to
vortex forces. Tt will be =zeen later thnt the Zavleligh-
Prandtl consideration agrees with comnutations recarding
instability with regbect to merturbations of the form
(zauntion (9)).” Since the direction of the perturbation vor-
find csountion (G) is essentinlly normel to the mean

1ittle offect of vortex interactiocn should here

(g) “le trree-dimensionnl pert&ruqt on (eauaticn (0 )

was first stud 1ed Wy &. I. Taylor (reference
@) - investigations of the flow in rotat-
ine evlinders. Ggrtler (reference 10) com-—
suted the stability of curved pouvndary-layer

lowv with resnect tc these three~dimersionsl
Tortices.,

For T > > 8, mneglecting terrms (8/r)® and kigher,
and nerlecting a2ll changes vith X, the boundary-layer
ecuntions and the continuitv eouetion bacome:

- -

a3 N A4 N2 e,

vy 4 ou +ow s = " {5 e, 271

dt dy dz 1dy® dz 2|

2 : N N2, |
QI + o B.Y + W QY + u_ - .1. _E + 1 .{.3_,-.1; + Q“Y\)
ot oy dz or p Oy Jy? dg2!
. . B (12)
i a‘f ] 2 2
Q-""V—E—-“-W A :...;.Z_E-Q-U;}a___“_v_{_aw&
t dy Oz p dz 13y® 3z
v _ v, % _ g
dy r Oz
't ey i . . s
*ul o+ = 0 exhresses the condition of mnxirum vorticity

17 terms vith l/r’ are ne~lected, =s is essentially

done in Gdrtler's work.
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Putting

e
1l
o
+
o

where u', v', w' are given by equation (9), and putting
the pressure

o

P o= ply) + Y {y)cos (a) e

couation (12) becomes

ra®vy o |
BY, + V¥ dv. = P ¢ et o g RY
= dv \dye lj
2u av, ar v, "
BY, + Y, = + L %s . f @@721 (13)
- r p dy dbr’ j
; ' a® 2
BY, - % Y, = ( - 'ys\l
o Lay® %)
1 a4y
nn dy
Blininating Y5 and Y, frem couation (13), one obtainsg
T d‘y ( ‘ - , T
————— = + P, { = ——
v dya B+v ) 1 iy ,
2 (14)
f“‘t‘\( - d.d’Yg be) . . N;
v ‘;";2’ - (B+va6) —— : + (.\’ i 1/032 'yz = e g"if‘ﬂl ’Yl
dy vy '

1.

These simnultaneous sauations
conditions again present an "Teimenvalue! »nrebl

bogethner with the

1

r, and = characteristic ileynolds nunmber. The
c

sign of B

determines stability or instability; B = O OTreSyODdlnf
% 4

ation (14)

to the stability limit. GOrtler traneforms equ
into integral equations and cbYains the aovvprox

~

volues by means of the meihed of determinants.

The nmain regsults of nis annlrsis can be summarigzcd as
follows:

(1) Curvature and Reynclds number enter onlwy in the

combinaticon R& ;&
. T
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(2) Instability ~ that is, positive valucs for B -
: are only possible en concave walls.

(3) Instability on concave walls occurs - above a cer-

tain eritical value of Ry (2 for a limited

range of the paramcter ab; that is, the ratio
of wave length to boundary-layer thickness.

(4) G8rtler applies his method to various velocity
.profiles including the straight-line profile
and one profile having an inflection point.
Be finds the instability region little af-
fected by the shape of the basic profile if

the momentum thickness o 1is taken as the
characteristic length.

Giértler's work on the stability of boundary layers
with respoet to the Taylor vertices (equation (9.) censid-
ers a dynanic instability without neglecting viscosity.
The results therefore differ from the investigations con-
cerning the dynamic instability of the two-dimensional
perturvation (equation (8)) of Tollmien's (refersnce 7) an
tertler's {(refercnce 9 ) extension to curved flow, where
viscosity is neglected entirely and therefore no critical
Reynolds number cbtalned. The difference in the role
which viscosity plays in the dynamic instability computed
with inclusion of viscous forces, and in the true viscous
instability of Tollmien, can be seen from the couputed
stability limit in these two cascs (figs.1l4 and 15). For
increacing R, Go6rtler's instability region increases;
Tcllmien' becomes smaller.

Tor the limit R——>o Tollmien's instability van-
ishes; Gortler's, however, does aot. 4 very interesting
and important theoretical problen would be the investiga-
tion of dynamic instability with respect to the plane
disturbance (equation (8)) including the influence of vis-
cesity.

The main result of Tollmien's theory, which can be
checked experimentally, is evident from figure 14: Assune
that a plane disturbance of a given freguency ig excited
at some dlistance from the leading edge of the plate. £t 2

. v .
civen mean speed the parameter g%— and the Reynclds nus-

ber R&Z corresponding to f and x, respectively, aTe
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thung given (fig. 14). This wave, traveling at constant
freguency downstream, describes a stiraight line parallel
to the Rg*™ axis in figure 14. The Tollmien theory pre-

dicts that this wave should decrease in amplitude from
(rg*), to (Rg*),, increase iu zuplitude from (Rg*) 2

(RS*)3 and azain decrease for Rg* > (35*)3.

Gortler's vortex taeory for coangave walls gives an
analogoils result. Since in orulpr s theory the wave
length is the characteristic ouantity, assume a vortex of
a given "ave leng tn originatiagg at a paint corresponding

Yo Rév/ﬁ\ in figure 105. Tuis vortex traveling down-

stresm describes the line A-B in the diagram (fig. 15).

TAeailn dawn*“g wilil occur Trom n i to R J/E\
. \\ \ 1(\ T, 1 \ 13 r,”c‘
from rR J’ﬁ tire amplitude will 1ucrease till the vortex
r, 2 L ‘
o . . o
leaves tuC instability zoune at- gR\J/E

-~

2. Bxperdimental HKesults

The discovery of regulsr oscillations.in the laminar
vouadary layer oy or;den, Schubaver, and Skramstad gave
the impulse for » closer study of velocity fluctuwations in
the lanminar layer. During tnz iuvesticatiow . of the flow
nast tihe flat Vlate, only soorswic appearances of regular
fluctnations close to trausgition werc observed. o meas-
nrements of freguceney, nnd so forth, were carried om%. Cn
the coavex side of the r = 20-foot nlate, however, the
regalar wave was observed withont any difficulty. .Tue
velocit Lir

t+ fluctusticns for 2 dictsnce of about 1 foot upstream of
tie CTeginaing of transitiosn hLad tlhe appearance of reguler
ginusoidal waves, incressing 1 pll‘cudv downstrcpm.
These fluctuetiong are the ”natural" excited boundary-
layer oscillations discussed oy Scruuquer qno Siramstad
(reference 14).

Tiese unaiural oscillatioas =re excited by disturbances
iz the free stream. They depend not ouly ou the magnitude
but also on the freguency distrivution in the free-stream
turbulence or noise level. This is probably the reasoun for
Te discrepancy between the Reyunolds numper of transition
o.. the flat plate as found in this research as compared
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with Schubauer and Skramstad's values for the same turbu-
lence level. The frequency distribution depends on factors
like the number of propeller blades, the revolutions per
minute, and so forth, and therefore it is very probable
that the distribution in the GALCIT tunnel is quite differ-
ent from the one in the #.3.S5. tunnel. Heénce, it seemns
poscible that trensition in the GALCIT tunnel was pDrecip-
itated due to an uafaverable frecueucey distribution in

the external disturbance level. Spectruwms of the nnise
obtained witih a sound anelyzer showed coronounced maximuus
in the range of dangerous freghencies.

The freauency of these oscillations could te measured
by anal;zing_fhe»hot-Wire output with a sound analyzer or
by direéct comparigon of the hot-wire ovtout with the out-
wut of 2 calibrated electric oscillator on the oscillicscope
screen.  In aoresment with the K.B.5. results, it was
found thst tae measured frequencies followed closcly the
upner stalbility limit of Tollmien.* To study the charac-
teristics of the wave wmore closely and to investigate
waetlher the stebtility zone on the convex plate agreed with
the results of the N.B.S. on the flat vlate, secveral meth-
ods of cxciting the wave artificially were employoed. ’

(a) A lattice of from four to six thin (0.006-1in.
dismeter) wires stretched st regular iantervals norumal to
thhe direction of the flow over the surface of the plate
was first used to excite the osclilations. Very regular
wavesg could be obtained with this regular roughness. Fig-
ure 16 shows some of these regular fluctuations excited
with the wire lattice. The frequency of thesc fluctuations
conld be easily measured and compared with Tollaien's sta-
bility 1limit. Figure 17 shows the result of these measure-
ments. It is scen that all observed freguencics which show
increasing amplitude fall within the Tollmien-3Schlichting
instability zoue or closely berond the uvper limit. In
two cases it was nossible to measure the frequency of a
wave in the stable region, that is, a wave which was ex-
cited b the lattice and daied out in tae stable region;
these two voints are marked "stable" in figure 17.

Attempts to weasure the wave length of the wave were
made in the following way: Two hot wires were mounted at

*A detailed discussion of these laminar oscillations is
siven in Schubauer and Skramstad's paper. Therefnre, only
results where either the flow cosditions or the tschrnique
of observation differs from tlie Schubauer and Skramstad
researcn are presented in detail.

NOT REPRODUCIBLE
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i

the same distance from the plate (Ay = 0) at a distance
of o centimeters from each other (Az = 3 cm). One of the
wireg was held a2t a fixed distance x from the leading
edze (2nd hence, from the lattice), the oiher was moved
along on the carriage. A nlane wave traveling along x
should give a definite corrclation between the output of

tiese wires, depending on the ratio %?, where . Ax de-

notes tiue distance between the wires, A the wave length
of the oscillation. Figure 18 shows two oscillograms of

the two hot-wire outnuts for %? =1 and‘ %? = 1/2. The

difference in phase is clearly visible. This method can
be used to determiane the veve length of the disturbance.*

The method of exciting the oscillation with the wire
lattice is not well suited for an exact study of the sta-
bility limit since the excited freguency cannot te con-
trolled at will. It does, however, show tiat roughness
elements can excite these nplane waves in the vounrndary layer,
that these waves increase in amplitude wihen traveling
through the instability region, end thet they finally will
lead to tranmsition if the amclification is sufficiently
large. This influence of rou-hness on transition led to
@ somewhat more detailed stud; of the influence of a single
rougianess elenent on the lawminar layer. The results of
this investigation are presented later on.

With respect to the effect of curvature on transition,
the results obdtained with the wire lattice show that the
mechanism of laninar instability on the convex side of the
r = 20 foot plate 1is the same as Schubauner and Skramstad
fouad for the flat plate. Fi.ure 17 ghows furtiier tlat the
stacility limit for the curved wlate cennot differ —wery
maci from the liwmit found on itlhe flat olate.

(b) The method of Schutauner and Skramstad was next
uwsed to obtain more exaect data rcesarding the stalility
1imit of Tollwmien-Schlichting vweves on the curved wall:

A vhosphor-tronze ribbon about 12 inches long, 1/6 iach
wide, and 0.004 inch thick was soldered to thin piano wire

*It is naturally possible to deteruine the correlation
coefficient in tle conventional maanncr by adding and gub-
tracting the hot wire out~uts before the amnlification.
However, the method herc presented gives a somevhat clear-
er visualization.
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and stretched normal to the flow over the surface of the
plate. Two vmaver spacers about 10 inches apart kept the
ribbon at a distance of = few thousandths of an inch from
the surface of the plate. An electromagnet mounted oun the
concave side of the plate croduced a fairly strong magunetic
field in the ceater of the riuvbon. The output of an elec-
triesl oscillator was fed over a odover amplifier iato the
ritbon snd thus gave rise to forced oscillations of the
ritton in the magnetic field.

The fregoucney of the ribbon-escited boundasry-loyer
oscillation could be measured in the same way as in the
cage of the natural oscillations and the waves from tne
wire lattice. The wave length, however, could be obtained
in a much simpler way: The outout of the oscillator which
drove tue ridoon was connected to the norizontal; the hot-
wire output, to the vertical deflection nlates of a catnode
ray oscilloscove. Hence, the vaase shift Tvetween tie riu-
bon oscillation and the velocity fluctuation picked up oy
the Lot wire is a furction of the ratio of the distance
A% bvetween rivbon and hot wire aud the wave lengtir A of
the wave. The Lissajou figure on the oscilloscope screen
will therefore chanse periodically whern the wire is moved

2lon. =z and repeat itself every time the wire is shifted
one wave length. Hence, the measureient of the wave lensth
reguires ounly one hot wire and a seesurement of =& lengtli.
717 the freounency f and the wave length A  are known,

the varameters g%a, ad*, °r of the Tollmien-Schlichting
theory can be computed. To coordirate the results with

the instability zone the amplificatioa of the oscillation
dounstream from the rivbton has to bLe investigated. This
was done Dby measuring the amplitude of the fluctuation with
the not wire at various distances dowustream from the
ribton. Figure 19 shows a tynical result. The relative
fluctuation amplitude for several frecuencies 1s plotted

as 2 function of the distance from the ribbox. It is seen
tliat some frequencies increase in amplitude downstream.

The amplitudes of the fluctuations »ith f = 250 and
f = 300 first increase and then decrease,the fluctuation
with f = 50 first decreases and then increases in ampli-

tude. Hence, the extremes of this diagran denote the
stavility limit: the Reynolds =number Rg¥, corresponding
to & minimum of amplitude, together with the frecuecncy parameter

v . .
ég: for the respective frequency, determine one noint on

<

the lower stability limit of figure 14. Maximums determine
noints oxn the unper stability limit.
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(e) During the investigation of the effect of & single
rougness element on the laminar layer (see sec. VII), it
was unoticed that sound waves had a pronounced effect on the
unstable inflection-point profiles prevailing in the vake
of the obstacle. Hence, the roughness element together
with a loud-speaker can be used in place of the vibrating
ribbon. A few measuremenis have been made with this device.
However, the method is limited to low Reynolds numbers
since at lLiigher Reynolds nwaiberg transition takes place in
the wake of the obstacle.

Figures 20 to 22 show the results obteined from meas~
urements on the convex side of the r = 20-foot vlate. It
1s seen that the results agree well with the measurements
of the N.EB.S. on the +lat nlate. A slight shift of the
stability region toward Ai her values of R5* hardly ex-
ceeds the scatter. Measurcuments of the stability limit on
tte convex side of the r = 40-~inch plete were also made.
The region near the critical Rernolds number was cuiefly
iuvestigated to check if the slight shift 'in the stavility
limit was again present. Figures 23 to 25 show the rosults.
The shift toward higher Rﬁ* as compared #with the ¥N.3.S.
r

esults 1s again noticeable.

The influeuce of curvatnre on the stability limit ig
o osmall that 1% is a posteriori Justified to nlot the re~
sults of a2ll measuremcuts on one eurved nlate together in
spits of the fact that, since different points were mecas~
ured at different bonndary-leyer thicknesses, the parameter
3/r is not the same Ifor all noints. Withizn the accuracy
of measurement,this difference can be negléoted; hence
the measurcments on the r = 20-foot plate and on the
r = 30-inchk plate .can bte considered as wmeasurescnts with

.
-

. o =D N ) R
= 10 and 2 = 10 » Tespectively., A comparison of
r

Lol =23

these results with the computations of Schlichting (refer-
ence @ ) regarding the influence of curvature on the
Tollmien instability is sowmewhat diffienlt, since
Schlichting's basic velocity nrofile 1s not the same as
that of Tollwmien. Hence, the absolute magnitude of the
critical Reynolds rusber is different (for L = 0 the

: T
flat plate, Schlichting fiads Rg™ = 1580 as compared
) . et cr b

with Tollmien's value of 420). IHowever, the relative
influence of curvature on the critical number can be com-
pared: The critical Reynolds number for the r = 40~inch
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plate where the instability limit is more accurately

measured than on the r = 20-foot nlate 1is about Rg*cr

= 600 as compared with Rg*.,. = 450 measured by Schubaucr

and Skramstad on the fl=at =late. Schlichting (reference 2P)
finds at % = 0, 1560 =and at
T

S
Iiaear interpolation thus gives for v

by
Hence, the shift ia the critical numoer is of the same order.
Further conclusions cannot bte drawn sincce the euperimental
accuracy in deterwmining the lower iustavility limit is very
poor aad since the velocity vrofile in tue theory dififers
from the one met 1a the experiment.

RS*CT = = 0.00Q. RS*CI’: 1260,

TR =

0.001, Rg*,., = 1640.

A deteiled investigation of flow past a concave wall
has wot et beer carried out. hence, an ezperinental check
of vortler's stabvility limit similar to the investigation
of the Tollmien-Scilichting wave caannot yet be given. How-
ever, a few counclusions based on measurements on the concave
side of thie r = 20-foot plate <can Ve siven here:

(2) The Tollmien-Schlichting waves were not observed
on tnc concave side of the r = 20-foot plate

(b) e critical varameter of Gortler's theory is

r a 3
Rﬁw/i' If the measuremeats nresented ia fizure 11 are

r-\
reniotted so as to giv J/ , agaianst % instead of
N orstr r / N

Ry . agaiast ﬁ, . it is seen from figure 20 that RﬁJ/Q :

vr T A Tty
is closely constant for all ﬁ measvred; onliy for the

- 5 Y .
smaollest values of © does 6J/1\\ decrease. This

r \ I'/t.c. .
latter decrease is exmected since Rﬁtr for * =€ has to
- ] r -

have a Tfinite value. The absolute value of 3 4. at

2]

trangition is avpvreciably larger tunan Gortler's stability

I

limit; Rﬂv/é-é 7.3 ot transition as compared with RQJ/;
= (0.058, the tiheoretical critical nunmbter. This, however,
is no discrepancy bvetween theory and experimeunt, since the
limit of stability means only that certain vortices can be
amniified from here on. Transition, however, means tiaat
the perturbations become large enousn to csuse s comnlete



breakdown of orderly laminar flow. This difference is
eractly the same in the flow along a flat plate wherc the
stability limit of the Tollmien~-Schlichting wave 1s about

Ré*cr = 450 Dbut the layer can remain laminar up to values

of Ré* of the order of 300C.

{(¢) A third argument which supports the assumption
that transition on concave walls is caused by Taylor-Gortler
vorticcs is given in the discussion of the effect of angle
of attack later on.

The results of the experimental investigation of
boundary-layer stability zgrce and support the results
found for the transition point: Transition is little
affected by convex curveturc iu the investigated range from
.

L= 0 to LI G.001 ‘tbtecausc the Tollumien~Schlichting waves
T T '

whiclh briag about the breskdown of the laminar layer are
only 3lizhtly affected by curvature. Transition is affected
by coucave curvature becausc,in nddition to the Tollmien-
Schlichiting wave,a strong dynamic instability enters. To
sive an iden of the magnitude of this destabdilizing cffect
of concave curvature, comnsidcer an 2irfoil of camber X

it a chord §. The radius of curvature of the airfoil

is approximately:

Lo

il
o
g (o7

Heglecting the influence of pressire gradient,the maximum
momentun thickness of the boundary layer is

é: 2 11_.5.
$ U
or R° %= 2.5 1g/US
3} T v

. e 4 s . 8 .
Transition was found t¢ occur for R g % 2 50

hence K+ Ry = 20

For examole, with 2-percent camber, the Reynolds number
above which the curvature effect determines transition 1is

Ry = 10°
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Hence, it is seen that under certain conditions concave
carvature can have a strong influence on transition. Tt
must be pointed out, of course, that most modern airfoils
Lave no concave curvature where the boundary layer would
te laminar.

Thig ie obviously only a crude estimate. To neglect
the influence of pressure . radient on transition on con-
cave wolls is, hovwever, probavly aot so far off as a si
lar assumntion for flat or convex bouvndaries. The stabvil-
ity 1limit of cancave flow witlh respect to the three-diucao-
sional vortices was found little affceted by thie shave of
the velocity »nrofile. Hence, tiie pressure ;r?dient will
influence the three-dimensional instability very little.
Coly if the a1 aqlb“t becomes so0 large that transition is
C initated, due to the two-dinensional inmstatility, can
a larse influence of the prescure aradient be c¢xpascted.

The aanslogous sngice—of-attack e¢ffect 1is discuasscd later on.

3

.

Ll

Durine thc investigation of tae Tolluiien-Schlichtiag
waves with the wire lattice, it was founéd that these wires,
strectched alon. tae surface of the wnlate in the voundary
larer, in no case caused inmmediate transition. It wes
therefore decided to investigate the influence of e single
rongnness element such as a wire or & narrow strip on the
laminar boundary layer. For this »urpose, & strip of ruo-
ber tape abdout 1 ceantimeter wide, 25 centimeters long, and
0.1 centimeter thick was glued directly on the glass clate,
thus foraing a single two-dimensional rougliness element.

The velocltd profiles downstreuﬁ from thhis element, the
velocity fluctuwations, and the occurrence of transition

were then studied. The wmsin purocose of this investigation
was to analyze the action of such a disturbauce on trhe lanm-
inar layer. The results of this stuay showed that therec
exist tnree primary and resdily distiun uishable cases.

Fi _ures 27, 28, and 2% show a tynical examnle of eacli.

(1) Tnhe inflection-tyn “rofi”es nrevailing in the
wale of the obstacle =2nd immediately downstreswm Troum it
are gradually reduced to the normal Blasius-tyrpe velocity
srofile (fig. 27).

(2) The inflection-tyve "roflle still changes to a
Blasius orofile but the disturbdance- that is, the induced

laminar weves - are so sbtrong when tae Elasius nrofile is

NOT REPRODUCIBLE



attained that transition occurs slmost immediately. This
case is seen in filgure 28, and it is to be noted that the
flow in the wake of the obstacle is still laminar, turbu-
lence occurring oaly after a2 Blosins-type profile has been
rassed through,

(3) Figure 29 finally shows velocity profiles taken
irn the wake of the obstacle with and without an external
disturbance - in this case sound waves. It is seen that
the addition of a relstively small external disturbance
causes a radical change in the profile. Without the in-
flucnce of the sound waves, the profile shows the exist-
ence of a dead fluid region vounding a laminar wake. The
addition of 25 decibels of sound of a rather high freguency
(700 tycles) causes transition in the wake and produces a
turbulent profile as shown in fisure 29.* The radical
dirfference is 7urther illustrated by the record of velocity
fluctuations shown in figure 30.

The appearance of these three types of disturbance
cavsed by roughness leads to the following conclusions:
Transition caused by a rouglness element does not necessar-
ily occur immediately at tie element, but may occur at some
distance downstream. Furthermore, transition caused by a
rougzhness element may occur in the roughness—element wake
proper or further downstream after the layer has returned
to a normal Blasius-tyve vprofile. This latter fact nmight
cause considerable variation in the turbulent boundary-
layer character downstream from the transition point for
~the following reason: It is known that, if transition
takes place in a normal laminar boundery layer, the loga-
rithmic velocity distridution cstablished itself almost
immediately after transition. In the language of the mixing-
length theory, the turbuleunt profile corresponds tc a mixing
length proportional to the distance from the solid boundary.
If, however, transition talkes place in the wake of the ob-
stacle, the turbulent excha:ie corresponds to a mixing length
proportional to the width of the wake, or the distance from
the obstacle. Farther dowanstream the influcnce of the solid
boundary will become noticecalle 2ud, closc to the surface,
the logarithmic distribution is again to be expected. The
profile (c) in figure 29 avpears to be of this type.

*The same effect could bYe cauvsced by an increased tunnel
turbulence. However, the sound was simpler to anuly.



Further research is required to determine how a tur-
bilent velocity mrofile of this trpe develors. It seems
interesting to note that the profile () in figure 29
bears a close resemblance-to veloc:rty vrofiles found to
exist shortly bvelfore turbulent semrration takes mnlace.

It is conceivable that this ressubiance is nct wholly
accidental but that the turbuleént mecherism is sinilar in
both cases: namely, a regivan of "wall-tiurbulence” and an
outer region of "free turbulence.* This, in fact, is
certainly to be erpected if the turbulent layer develons
from a senmarated laminar layer since this case would be
similar to tue flow bekind an obstacle.

Which of the three cases above-described actually
occurs will denend on a critical Reynclds number, and in
adidition, on the level and the freouency snmectrum of ex-
ternnl disturbances, such as the tuvrbilence of the free
strean or noise, The critical number ror o roughness
element in o laminar boundary layer is usually considered
to b2 given dy the height € of the element and the
velocity which exists at this height in the undisturbed
laver. In the case of a Blasius profile, this leads to

R, ~ Rxsfz <ij

if the element is csmall enough to consider the profile as
linear near the wall, oldstein (reference 23%) gives as

G
a2 g
critical number (R,) (i\ £ 150 and 90 for round or
. /

sharp elements, respectively The corrssponding Reynolds
number for the first case (fig. 27) was commuted from the
experimental data as approximately 500 - that is, ~t a

considerably larger Reynolds number than Goldstein's
critical values, the flow still remaias laminar. This
differeunce is at least partially due 1o the unusually low
turbulence level in the fres stream for the present inves-
tigation and the consequent greate:r stablility of the lami-

n~r wake of the obstacle. 7The critical number for case 2
(fig. 28) is 2000, and as pointed out bvefore, the rough-
ness element wake is still laminar  Case 3 (fig. 29;

finally shows that (at Reynolds number = 1300) the wake
can be rendered turbulent by an axternal disturbance,

The Revnolds number R and the turbulence level

37

{or any other external disturbance) determine the stability

of the roughness element wake. In addition, n second
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critical number has to be considered which determines the
statility of the laminar boundary layer to which the flow
may return downstream from the wake proper. If this

Reynolds number R§* 1is smaller than the Reynolds number

corresponding to the lower limit of the Tollmien-Schlichting
instability region (see fig. 18) the disturbances induced
by the roughness element will die out; if Rg* isg larger,

part of the disturbances will be amplified 2nd will
eventually lead to transition.

VIII. INFLUENCE OF THE PRESSURE GRADIERT ON

BOUNDARY-LAYER TRANSITION

The influence of the pressure gredient on boundary-
laryer transition along the convex side of the 20-foot
radius of curvature pnlate was studied. Figure 31 shows
the pressure distributions for which transition was meas-
ured. It is seen that the waviuess of the distribution
reimains unaltered when the mean slope is changed. This
coafirms toe statement made above tinat the waves in the
digtribution are due to smell local changes in radius of
curvature. Measurements of transition with the pressure
distributiorn A have already becen discussed. The results
ovtaired with the distribztion B are shown in figure 32.
These results were sgomevwiat surprising; although the tran-
sition Reynolds numbers were found to be smaller than ,
exnected, they failed to indicate any noticeavle devendency
on X, Farthermore, no systematic influence of the waves
in the pressure distribution was noted on the critical
Reynoldg number. The ounly effect of these pressure-
distribution waves wes found in the lengtn of the transi-
tion region - that is, the region between the appearance
of the first turbulent bursts and the point where the layer
appears fully turbulent. This region was short when the
pressure increased, and lengthened when it decreased. A
few of the measured regions showing this effect are included
in figure 32.

With the pressure distribution ¢  (fig. 33) the tran-
sition Reynolds number was found to decrease still further
(fig. 33), and here the critical number was found to depend
on x (or 8). It is seen frow figure 33 that Ry = de-

. - N (]
creases with increasing x from a value of 1.36X 107 at
x = 70 centimeters to a value of about 0.5 X 107 at



centimeters. A sl Gecrease 1s also seen ot

sincs of x less than 70 .ceatimeters. However, tails
ecrease does not mean oo much since this point

&0 to te easured at the hishest ovtainable smeecs of the

uniel an d at this speed, thie turbtualence level of the

"ree gtrean increasses.™

-

Since the presgsure distrivution (¢ was reasonauvly
close to a limear distribation, the seperation poist could
easily te computed using ths Yarman-Milliksn or the gim:l
fied von Doerhoff wrocedure, The latter cowjutation gave
X = 140 centimeterg. Uufortunstelr, this is foo cloc
the trailing edye of the nlate to vermit

Tlow after separation in deteail. 2nd with the vrese

jo! set-
up, it was imnossinle to obtain higaer gradisuts., A serices
ot vsleeity profiles wes then measared 1a order to chock
thne comouied sevaration point. However, oving to tas rel-
ctively swmall gradiernt, the cuange ia the velocii; profile
73 80 gradual thet = gztisfacitory determina’ioc: of toe
seoaration point was not wossivle As a.u exawurlie, Iigure
o4 shows two velocityrwyofiler at -x = 30 centimeters and at
z = 70 cexntimeters. Tt is secn thai the vprofile at « = 70
ceatineters is alrsedy very close to a ssparation profile

rewents vere made ita the »nresgsa:
i.0. 81)., Tue resr‘t are snown i
D. Taere 1ec a uarked increase in tihie transitio
Re;no0ldes number. Because of the limited tunnel velocit
only a Tew voints could be measured. TWitlh the Dressure
distritution € aud D ; ‘
length of the transitiocn region
Aigtrivution B

Finally, meas:
rationn I (

distri? z
Tre o od n

.

Taere vemains tihe guestion as to ihe procer paramglor
goveraning the influence of prossur cradisnt on btouder
laryer transition, It is felt th=t from measurements of
the t;rve describved avove thie croper paramefer canunl DE
tounnd ror the following reason:

At zcro e 7 e-streen turbo-
lence, tihe bre is cansad vy the
viscous instav a: Schalicutizo.

Al

*For velocitie

tureocuience

. ] L ‘ - 3 . )
increases from 2- = (0.0u Lercent to 0.0% percent at o8
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If the pressure gradient is positive, two influences will
increase the instability: Oue is the influence of the
pressure gradient on the Tollmien-Schlichting wave, the
other is the dcvelopment of a strong dynamic instability
due to the change in velocity profile from the Blasius-
type profile to a profile having an inflection point. The
influence of pressure gradient on the Tollmien-Schlichting
wave vas studied by Schubauer and Skramstad (reference 14).
An increased amplification in the instability zone aud a
broadening of the zone were found. The effect of the dy-
namic instability is not yet clear since, as mentioned
before, no critical Reynolds nunmber has been computed and
the influence of the shape of the profile on the iastabil-
ity is unknown, apart from the general statement that the
profile must have an inflection point. The problem bears
sornie resenblance to the cgurvature effect: On concave walls
a stroug dynsmic instability enters and apparently becomes
tiie determining factor in bringing about the breakdown of
the laminar flow. The influence of pressure gradieat an-
pears to be of the same nature except that the type of
perturvation. is the same for viscous and dynamic iastabdbil-
ity. To determine the parameter governing the influence

of pressure gradient on transition will, therefore, require
a detailed study of the perturbations leading to the break-
cdown of the laminar flow.

IX. THE ANGLE-OF-ATTACK EFFECT.

It was mentioned before that Schiller {reference 2)
and Hall and Eislop (reference 4) fouand a strong influence
of the angie of attack of tlie olate on the location of the
transition point. Based on the theoretical analysis of
boundary-layer instadbility and the foregoing measursments
on the infldence of the roughness element and pressure
¢radicent, an explanation of tiiis effect can be siven.

Assume that the transition voint of flat-olate flow
is to be investigated and thst the measurements are carried
out on the side, say 4 (fig. 36) of the plate. The plate
is saild te be under a favorable zngle of attack if the
stagnation volnt lies on tae side A, under an unfavorable
angle of attack if the staruatiow point lies on 3B. The
boundary layer on A in the latter case has to nass z2round
the leading edge of the nlate. rence, the pressure gra-
cdient over the first psart of A will be positive and its
magnitude will increase as *ne radius of curvature of the
lezding edge becomes smaller. In other words, the leading
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ed-e acts like a roughness element for the side A; the
initial boundary-layer profile will have an inflection
voint and thus the same effects as found with the roughness
element (see sec. VII) are to be expected. A disturbancec
in the stream will be amplified because of the instability
of the profiles and, if finally the Blasius-tyve layecr
develops downstream, the disturocances are amplified in the
Tollmien- Schlichting zone and lead to precipitated transi-
tion. At very large angles of attack transition can even
occur in the wake of the leading edge without a Blasius
layer being formed at all. As the plate is turned, tlie
effect will occur very suddenly if the leading edge is a2
knife edge and more continuously 1if the edge is rounded,
in agreement with the abvove measurements (reference 3)
Setting the plate to zero angle of attack is difficult since,
cven if the setting were correct for a given mean direction
of the flow,the directional velocity fluctuations (v') would
complicate the matter. It therefore seems reasonable to
avoid this initial dynamic instability by setting the plate
to a slight favoravle angle of attack. This has, in fact,
bveen doue in most recent investigations.
It was mentioned before that Charters '
investigated the effect of angle of attack of a curved
plate to test the validity of Taylor's (reference 4)
criticism of the results of the Clausers (reference 1).
Charters found that the setting of the plate was critical
for the convex but not very critical for the concave side.
This effect is understandable if it 1is assumed that transi-
tion on the concave side 1s brought about by Tavlor-Gortler
vortices. These vortices were found to depend little on
the velocity profile and therefore an inflection point pro-
file would not have much influence, 80 long as the unfavor-
able angle of attack is not so large as 10 cause transition
in the wake proper of the leading edze.

X. THE DEVELOPMENT OF TURBULENT FLOW

The preceding parts, both experimental and theoretical,
deal mainly with the breakdown of lamianar flow. The ques—
tiow as to how tlhie orderly wave or vortex motion changes
into the statistically fluctuating turbulient motion is not
answered. Schubauer and Skramstad (reference 1) give an
excellent review of this probdlem in connection with their
meagurement; only little can be added here:
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It appears that the formation of eddies starts from
some dynamic instability in a manner similer to the break-
ing of waves or the rolling-up process of a vortex sheet.
Hence, the first step in bridying the gan between laminar
instability and turbulent motion is to find the development
from the orderly motion to & dynamically unstable configur-
ation. The Tollmien-Schlichting wave can bring about such
an instability in two ways: '

(1) The fluid close to the solid surface will, when
the amplitude of the wave Lecomes sufficisntly large, come
to rest or actually re¢verse its motion during one-half
period of the oscillation. The "instsntaneous" vprofile is
then certainly of the dynariically unstable tyne. However,
the latter conclusion is only correct if the frequency of
the perturbation for which this profile is unstable is
larse comoared with the freguency of the Tollmien-Schlichting
wave. Only in this case can the instantaneous profile due
to the wave be considered a "mean" profile for the dynamic
instability., The same argument aoplies, .of course, to
Taylor's (reference 13) theory of forced trasnsition due to
fluctuating vressure sradicnts. he experiments with
ronghness element (see sec. VIII) have shown that separation
profiles can prevail for guite some distance downstresm and
can actually return to a stable form without the development
of turbulent flow. On the other hand, there exists some
experimental evidence for Taylor's theory of forced transi-
tion. A better understanding of the stability of inflection
point profiles is needed here for a clear decision.

(2) The w' and v' comnonents of the Tollmien-
Schlichting waves have a fiuite correlation. The correla-
. , . aval . .
tion coefficient k¥ = —~-Z—-—_ reaches a mazimunm value of
- 2 s p :
! 7

k = -0.2° as compared +ith tic correlation coefficient in
the turbuleat boundary layer of k = -0.3. There cxists,

therefore, an apparent shesrin. stress T = Pu'v' = DkJﬁ'%ﬁ?’E
which increases with increasing amolitude of the wvave. Qv
ing to this shear the initial profile will be gracdually
distorted and it appears very »nrobable that the osrofile be-
comes dynamically unstaeble. Since the problem is a typical
nonlinear one (the profile being cistorted by the wave, the
distorted mean profile leads to a change in the wave, and

so on); hence, no definite form o tae final profile can De
given.
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In the case of the TaylormGo;tler vortices also, a
change of the mean profile due to the vortices must be
acsumed; in spite of the fact {hat these vortices are
already the result of a dyvramic instabiliiy-. The wave
lengih of these vorlicez 1g tuo largs Lo assume thal these
devazlor iunto turbulent ceadiec. nnd furihermore, Pal (ref-
erence 2l found that thec: vo:ictices can éxist in turbulent
mobtion. since Taylor~&é;;ler vartizces do nol vary pericd.e
ically with time only & contindcus change ir mean prolile
ul

anaiogous to case 2 with the Yoltmien-Schlichliing wave igs
possitle.

Towever. even tracing bthe nrocess up to a vielent
dynamically uusteble configuration 1s only one siep forward
in the sencral 2roblem, sinoe LS dynaric instability 1is
agalr cniy kooun for small Lol owr2anions "he actu~l devel-
opuent of statsetical tuvbuience mpnesrs to be a nonlinecar
rrocess and still prosents a Jormidnble prohlem for future
rescarcn,

[oTIN A

XI[. GCONCILUSICHNS '

Thz breakdown of laminar ¥lew can he cauvsed by either
a dyramic or o viscous instability, The becundnry larer on

convex surfaces at lenst up to values of = 0,001 1is

L A~

aynamically stable but has viscouws instabdility, The viscous
instability leads to the development of laminar-toundery-
layer oscillations which have been nredicted trheorelically
by Tollmicen and Schlichting and were found cxmerimen-ally by
Schubsuer ond Skramstad on a flat plate. The cheracreristics
of these laminar oscillations are but little influ:nced by

1l

convex curvature in the investigated range from %T 0 to

ﬁ; = 0,001, The Reynolds number of transition is conruguently
unaltered on convex surfaces as compared with the {lat »nlate,
Transition on the upper surface of an airfoil will thercfore
not be noticeably influenced by the curvature, The rcsults
of Milton and Francis Clauser which predicted a strong :sta-
bilizing effect of convex curvature are based on the assump-
tion of an identical mechanism of transitior on convex and
concave walls, This assumption appears not to bde coerrect,
The boundary layer on concave surfaces is apparentl: &, nrmi-
cally unstable with resmect to certain three-dimensional
vortices. This instability was theoretically predicted by
Gortler and measurements of the transition point zon » con-
ceve surface confirm hig theory.
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The destabilizing effect of roughness elements and of
an adverse pressure gradient on the laminar boundary layer
are due to a dynamic instability of inflection point pro-
files, Theory and experiment are not yet advanced enough
to draw definite conclusions as to the governing parameters
for roughness and pressure gradient effect., Both effects
nppenr rather complicated owing to the change in the mean
velocity profile downstream and the development of dyramic
instability in addition to the viscous instability. Transi-
tion in the wake of a roughness element can cccur in the
wake proper of the element = due tc the dynamic instobility
of the inflection point pnrofile in the wake, or afier the
boundary 'ayocr has reattached to the wall. The boundery
layer in the latter cnse returns to the dynamically stable
Blasius prcefile, but laminar oscillations are induced by
the unstable walke and these lead to a precipitated break-
dewn of the laminar layer.

California Institute of Technology,
Pasadena, Calif., June 1643, ’
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layer along a concave wall according to Gdrtler.

Figure 15.- Theoretical instability limit for the Blasius boundary
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Figs. 27,28
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Figure 27.- Velocity profilees downstream from a single roughness element situated at a
distance xp from the leading edge. The boundary layer returns to the Blasius

type profile.
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Figure 28.- Velocity profiles downstream from a single roughness element situated at a

distance x

from the leading edge.

layer has become reattached to the wall.

Transition occurs after the boundary
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NACA Figs. 29,3\
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Figure 29.- Velocity profiles downstream from a single roughness element eituated at a
distance xo from the leading edge. The disturbance due to sound waves leads
to transition in the wake of the element.
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Figure 31.,- Pressure gradients for which transition was investigated along the convex
side of the r = 20' plate.
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NACA Figs. 32,33
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Figure 32.- Reynolde numbers of transition with pressure gradient B. Note change in
scale as compared with Fig. 31.

Figure 33.- Reynolde number of transition with preseure gradient C. Note change in
scale as compared with Fig. 31. S denoted the computed sepatation point.
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NACA Figs. 34,35,36
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Figure 35.- Reynolds number of traneition with pressure gradient D. Note
change in scale as compared with Fig. 31.
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Figure 38.- Schematic diagram showing the angle of attack effect.
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